Abstract-A next generation system, as an upgrade of a robotic mobile system for anti-personnel landmine clearance, was considered. In contrast to the first generation system where the fast neutron activation method and the associated alpha particle imaging (API) was supposed to be used for finding the residual explosives and/or landmines, in the next generation system fast neutrons (FN) was considered to be used only for the confirmation of the explosive in the suspected object previously found by the ground penetrating radar (GPR), metal detector (MD) and infrared imaging (IR). Such system is expected to have the acceptable price and the optimal demining vehicle speed of 10 cm/s. In contrast to the previous system only one neutron generator (NG) is needed. In order to study the possibility of FN to confirm the presence of TNT explosive in the real environment the tests were made with the soil of different moisture contents. Comparative study was done by using the cm cm BGO, cm cm and cm cm NaI(Tl) gamma-ray detectors. Although nitrogen was easily detected in larger amount of TNT explosive, its signal was weak in detection of Anti-Personal (AP) mine like DLM2.4. The presences of soil additionally diminish the possibility of nitrogen detection even in the Anti-Tank mines (AT).
through dense vegetation and digging into soil. After the clearance of a minefield with such a system it is necessary to check the minefield for the presence of explosive residues of mass above 100 g.
In the previous prototype [1] a neutron based system was proposed for the detection of TNT fragments and AP mines as an upgrade of robotic mobile systems such as MV-4 or MV-10. Proposed system contained twenty-one cm cm gamma-ray detectors and six NG. Such a system had an operative radiation issue and high production cost as major drawbacks. In the next generation system a multi-sensor approach was considered instead of using neutron probe as the only sensor. To date, various prototype multisensor mine detector systems have been developed. As an example Canadian teleoperated landmine detection systems use five different technologies: electromagnetic induction, visible wavelength imaging, GPR for a quick scan of the minefield and thermal neutron analysis as a confirmation tool [2] [3] . The combination of GPR and metal detector was discussed in [4] [5] . The above technologies depend on various parameters like soil texture, bulk density and soil moisture [6] [7] [8] . GPR is especially sensitive to the soil water content. The API method for identification of TNT explosive in soil was analyzed also in [9] [10] . In this paper we have shown that FN-API could be used as the explosive confirmation tool and soil moisture probe.
II. FAST NEUTRONS AND ASSOCIATED ALPHA PARTICLE TECHNIQUE Fig. 2 shows the experimental setup. A neutron generator API 120 manufactured by ThermoElectron was used as a source of 14 MeV neutron beam produced in He nuclear reaction. The alpha detector incorporated inside the NG was made 0018-9499 © 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. from the YAP:Ce scintillator fixed to the NG and from the removable photomultiplier tube (PMT). The collimator in front of the PMT defined the opening angle of the tagged neutron cone which was 12 .
The cm cm BGO or cm cm gamma-ray detector was used. Between the gamma-ray detector and the NG was a shield protecting the detector from the direct radiation of neutrons. A soil target was put below the gamma-ray detector few centimeters apart from the detector. Fig. 3 shows the gamma-ray spectra of a TNT surrogate with mass of 0.90 kg in a plastic container and the gamma-ray spectrum of dry soil. Spectra were normalized in the way that the integral over the gamma-ray energies was equal to one. The TNT surrogate contained 0.158%wt of graphite, 0.276%wt of dihydrate oxalic acid and 0.566%wt of cyanuric acid. The Fig. 4 . Gamma-ray spectrum of a dry soil sample irradiated by the neutron beam. Aluminum was detected by the 0.84 MeV and 1.01 MeV lines of (half life 9.46 min) coming from the nuclear reaction. Similarly, silicon was detected by the 1.78 MeV and 1.28 MeV lines of (half life 2.24 min) and (half life 6.56 min) coming from the and nuclear reactions, respectively. FN activation analysis was used with cm cm NaI(Tl) gamma-ray detector. density was g/cm . Carbon-to-oxygen and carbon-to-nitrogen ratio resembled those in the real TNT explosive, but carbon-to-hydrogen ratio was 7/6 instead of 7/5. Carbon, oxygen and nitrogen peaks were clearly visible in the TNT surrogate gamma ray spectrum. Carbon, oxygen, silicon and aluminum peaks were visible in the gamma-ray spectrum of dry soil. Presence of aluminum and silicon in the soil was confirmed by the FN activation analysis (activation spectrum recorded after irradiation was stopped, see Fig. 4 ). Fig. 5 shows the normalized gamma-ray spectra of and water. Both samples were in one-liter plastic container. It should be noted that the silicon has a peak at approximately 2.2 MeV with unknown origin (it was not reported in [11] ). A small silicon peak of this energy was also seen in [12] . Regardless of The gamma-ray detector was cm cm NaI(Tl).
the origin of the peak, its presence detected in soils containing aluminum and silicon ruins the possibility of nitrogen detection at least in small AP mines field with the TNT explosive only. Fig. 6 shows the gamma-ray spectrum of DLM2.4 buried in soil (black) and the gamma-ray spectrum of soil alone (gray). DLM2.4 is a simulant of an AP mine [13] . It has chemical composition and the density the same as the TNT explosive. Its mass was 192.6 g and volume mm mm. Nitrogen was not detected in the buried DLM2.4 mine. The only clear difference between the mine in soil and the soil alone was in the carbon content. Fig. 7 shows the gamma-ray spectrum of DLM2.4 (black) and the gamma ray spectrum of paper (gray). Without the presence of soil, the nitrogen line at 2.31 MeV was detected, although weakly after a long measurement time. The gamma-ray spectrum of paper differs from the DLM2.4 gamma-ray spectrum in a C/O ratio. Paper, which is rich in carbon, was analyzed with the purpose to simulate wood since some difficulties in TNT detection based on carbon content measurement could be expected in vicinities of trees.
Similar results were obtained by using the cm cm gamma-ray detector. . Gamma-ray spectrum of DLM2.4 in the soil (upper) and the gamma-ray spectrum of soil alone (lower). Fitting curves are in gray (fitting part one) and dark gray color (fitting part two). The soil moisture content was 6.3% wt. The gamma-ray detector was cm cm BGO. 
III. SOIL MOISTURE AND ITS RELEVANCE TO THE TNT EXPLOSIVE DETECTION
Comparative studies were done for BGO, and NaI(Tl) gamma ray detectors. Simulant of the AP mine DLM2.4 was buried in wet loam soil of 29.3 kg, closed to the soil surface, covered with about 2 cm of soil. Distance between the soil surface and the gamma-ray detectors was around 2.5 cm. Measurements were done for the target in, target out configuration Fig. 13 . Gamma-ray spectrum of DLM2.4 in the soil (upper) and the gamma ray spectrum of soil alone (lower). Fitting curves are in gray (fitting part one) and dark gray color (fitting part two). The soil moisture content was 6.3% wt.
was used as the gamma-ray detector. and NaI(Tl) gamma ray detectors respectively. The selected time windows were indicated. For the target close to the surface it is better to choose a wider time window. Fig. 15 . Gamma-ray spectrum of DLM2.4 in the soil (upper) and the gamma-ray spectrum of soil alone (lower). Fitting curves are in gray (fitting part one) and dark gray color (fitting part two). The soil moisture content was 6.3% wt. The gamma-ray detector was cm cm NaI(Tl). Fig. 16 . Carbon content in dependence on the soil moisture. NaI(Tl) was used as gamma-ray detector.
In the wider time window the gamma-ray spectra have more statistics (counts) and accordingly, smaller error bars in the gamma-ray peaks, which improves the detection probability. For the target deeper in the soil the time window must be smaller, see [1] . There is no difference in the time-of-flight spectra between the target in and target out configurations. By selecting the indicated time window and after the random background subtraction the gamma-ray spectra were obtained like in Figs. 11, 13 and 15. Two different parts of the spectra were fitted separately, one in the range 4-5 MeV and another one in the range 5-7.2 MeV for the setup with BGO detector. For the setup with detector the second part was shorter, 4.7-5.8 MeV and for NaI(Tl) 4.8-6.7 MeV, because fitting was found to be more difficult in the case than in the BGO case. Namely, each time the gamma-ray detector was changed, the high voltage was switched on and off. Although the high voltage was put on the same value each time after the replacement, the shifting in the energy calibration was noticed in the LaBr3:Ce case up to 10%, in the NaI(Tl) up to 2% and in the BGO case up to 1%.
The fitting procedure was done by using (1) where the sum was done over the channel (ch) number. Carbon is pure elemental spectrum. Parameters "a", "b" and "c" are fitting parameters. Parameter "a" measure the carbon content, while parameters "b" and "c" measures the background below the 4.44 MeV carbon peak. Similarly, the fitting procedure was done in the oxygen region from which the oxygen content was extracted. The method of least squares states that the best values of "a", "b" and "c" are those for which chi-square is a minimum. Fig. 12 shows carbon content obtained by BGO detector for target in and target out configurations in dependence of moisture content. Carbon content was constant and did not depend on the soil moisture.
(1)
However, it does depend on geometry, soil surface shape and on exact position of the mine corresponding to the position of the tagged neutron cone. Fig. 14 shows the carbon content in dependence on the soil moisture with used. Difference in carbon content between target in and target out configurations is somewhat smaller than for BGO. It was found latter that better results were obtained when position of the protecting shield was modified (measurements in white color). The shield modification improves the measurements with the BGO and NaI(Tl) detectors also. Fig. 16 shows the carbon content in dependence on the soil moisture with NaI(Tl) used (shield position not modified). While the difference in carbon content between target in and target out configurations is similar to the case, error bars are larger. Contrary to the carbon content, the oxygen content depended on the soil moisture as it was expected. Figs. 17, 18 and 19 show the fitted oxygen content in dependence of soil moisture for the BGO, and NaI(Tl) detectors, respectively.
The soil moisture content may also be measured by measuring the hydrogen content. The hydrogen can be measured by detecting its capture gamma ray line at 2.2 MeV, which is usually part of a random background spectrum. was used as gamma-ray detector.
Figs. 20, 21 and 22 show the random background energy spectrum for the BGO, and NaI(Tl) detectors, respectively. Fitting curves (found by using eq. 1 with Carbon (ch) replaced by Hydrogen (ch)) at 2.2 MeV are in gray color. Figs. 23, 24 and 25 show the hydrogen content in dependence on soil moisture content for BGO, and NaI(Tl) gamma-ray detectors, respectively.
IV. DETECTION PROBABILITY OF FINDING THE DLM2.4 MINE IN SOIL
The difference in carbon content between soil and TNT explosive enables detection of the AP mine. Fig. 26 shows theoretical normal distributions of the carbon content in soil (top curve) and from the mine buried into the soil (bottom curve). It can be seen that two distributions overlap partially. Overlapping decreases as the time of measurement extends. False positive is defined by an area over the threshold of the carbon distribution in the soil. Detection probability is defined by an area over the threshold of the carbon distribution from mine buried into the soil. Threshold is defined by the formula:
see Fig. 26 where parameter depends on the accepted false positive alarm rate. In this research , coresponding to the 10% level Table I shows the detection probability and carbon content for target in, target out configurations in the case of BGO gamma-ray detector. Table II and III show results for TABLE II  DETECTION PROBABILITY AND CARBON CONTENT FOR TARGET IN/TARGET OUT CONFIGURATIONS. WAS USED AS THE GAMMA-RAY DETECTOR and NaI(Tl) detectors. Data were averaged over the soil moisture content. The uncertainties arise from the fitting procedure. While the average carbon content was more or less the same, or otherwise did not depend on the measurement time, the uncertainties increase as measurement time decreases.
Evidently, the BGO detector shows better results in comparison to the and NaI(Tl) detectors. It can detect the AP mine in shorter time.
Systematic error was found in the position of the iron shield between the gamma-ray detector and the NG. After shielding was modified in order to open detector more with respect to gamma rays (it was over shielded), better results were obtained with , which are presented in Table IV . It should be noted that the neutron beam intensity was three times less than in reference [1] . Because of the limitations of the NG used in this research, we could not achieve a higher neutron flux. If we take into account the differences in intensities used, the results from Table III are consistent with those obtained in [1] with n/s emission.
V. SUMMARY AlthoughnitrogencanbeusedfortheTNTexplosivedetection, it was found that the best way to detect its small quantities is by measuring the carbon content. The method can be used regardless of the soil moisture content. Some problems could be expected during detection in the vicinity of trees. Since the method presented was developed to work in compliance with other sensors by using MV-4/MV-10 vehicles which are not designed for work in woods, we were not focused to this particular problem. Among the three types of gamma-ray detectors studied in this paper, the cm cm BGO was found to be the best choice. It is more stable with respect to the energy calibration shifting, and it is less expensive compared to of the same dimensions, while the cm cm NaI(Tl) has poor efficiency compared to the BGO. By using BGO and the NG which can provide neutron beam intensities of more than n/s, the AP mine/TNT explosive residue can be found in less than a minute. However, the desired demining vehicle speed of 10 cm/s can hardly be obtained by using FN-API method only. By combination of the several methods like GPR, MD, IR and FN-API, the desired speed could be obtained.
